Optical absorption bands can be used as fingerprints of defects and their charge states in insulators and semiconductors. On the basis of the photochromicity usually shown by such materials, a method is introduced by which the optical bands are assigned to the defects and their charge states. It is based on simultaneous measurements of the light-induced changes of the optical absorption and of the corresponding EPR signals. Moreover, indirectly optical bands of EPR-silent defects can also be labelled in this way, strongly widening the scope of EPR based defect studies. We apply this method to the infrared-sensitive photorefractive system BaTiO 3 :Rh, where illumination leads to recharging among the valence states Rh 5+ , Rh 4+ and Rh 3+ . The values of all parameters governing the charge transfers responsible are inferred from the magnitude of the absorption bands, the absolute determination of their absorption cross-sections and the kinetics of the absorption changes under illumination. In contrast to previous investigations, these parameters are deduced independently of photorefractive measurements.
Introduction
Under excitation by suitable illumination many insulators and semiconductors that contain defects show light-induced absorption changes, i.e. they are photochromic. This feature is also observed in most inorganic photorefractive materials. It is caused by photo-induced charge transfers between the defects, often leading to metastable charge rearrangements stabilized by lattice distortions. Since the optical absorption of defects depends on their charge states, any changes of the valences will lead to optical absorption changes. Photochromicity is, of course, particularly relevant at low temperatures; however, depending on the specific material and the defects it contains, light-induced colouration may also persist at room temperature. We have shown [1, 2] that this phenomenon can be used for correlating EPR spectra of defects with their absorption spectra. In a convenient way it allows us to monitor the changes of EPR and optical signals simultaneously. Parallel variations in both quantities indicate that both EPR and optical absorption may result from the same microscopic origin. In this way, the information about the identity of the defects and their structures, derived from the analysis of the EPR spectra, can be used to interpret the optical signals. These can then serve to indicate the presence of the corresponding defects in the material. It is thus possible to use the optical bands as fingerprints for the defects instead of their EPR spectra. This often offers the advantage that defects can be identified also at room temperature, whereas EPR studies alone have to be performed in most cases at low temperatures.
The procedure is not restricted, however, to the identification of EPR-active defects via their optical bands. Light-induced absorption changes can be introduced by two or more defects that are related to each other by electron interchange under illumination. On the basis of the established optical fingerprints of EPR-active defects, a self-consistent interpretation of the accompanying photochromic changes can then also assign EPR-silent defects to their optical bands. Examples of this procedure will be given below. The possibility of obtaining optical fingerprints of EPR-silent defects is a particularly valuable feature of the combined EPR-optical absorption method.
Defects and the light-induced charge transfer processes between them play an essential role in photorefractive crystals. Illumination by an inhomogeneous light pattern photoionizes defects and creates quasi-free charge carriers. They are transported out of the illuminated regions by various charge driving mechanisms, among them diffusion, and tend to settle in the darker regions of the sample. This creates a space charge field, which is transformed into a refractive index pattern in materials with a non-zero electrooptic effect. It is evident that a thorough knowledge of the structure and properties of the defects involved in these processes is necessary in order to steer and improve the operation of photorefractive crystals.
In previously published work, we applied the combined EPR-optical absorption procedure to a series of photorefractive materials [3, 4] , qualitatively unravelling the responsible lightinduced charge transfer paths taking place under homogeneous illumination. In this paper, we show how to determine the parameters governing light-induced charge transfer processes quantitatively. In particular we demonstrate that photorefractive properties of a material can be predicted just from the charge transfer behaviour of the defects, as based on EPR studies. Previously, on the basis of optical studies alone, it had been difficult to obtain this essential information. Relying solely on optical and, in particular, photorefractive measurements, bands were sometimes inconclusively assigned to their microscopic origins or the charge transfer parameters had to be deduced from oversimplified models.
The system treated here as an example is BaTiO 3 doped with Rh. The electrooptic tensor of the host lattice contains rather large coefficients, and thus even relatively few transposed charges are sufficient to create measurable index changes. Moreover, doping with Rh is known to improve the infrared sensitivity of the material [5] [6] [7] [8] [9] . Figure 1 shows the three elementary schemes describing light-induced charge transfer in crystals [10] . More complicated cases are also possible, consisting of a combination of these schemes. In the examples presented in figure 1 , the primary processes, symbolized by double arrows, are assumed to consist of electron excitations from the valence band to the defect levels. This can also be viewed as hole photoionization. Alternatively-and not shown herephotorefractive processes can be dominated by electron transfer from defects to the conduction band. Single arrows in figure 1 depict secondary processes; they are triggered by the primary ones, for instance involving capturing of ionized charges at spatially separated defects. In all cases the arrows indicate the direction of the electron flow. In figure 1(a) the photoionized holes are trapped at the same defect type from which they originated, constituting the 'onecentre model'. In figure 1(b) (the 'two-centre model') two different defect species, the deep X and the shallow Y, are involved; in figure 1(c) (the 'three-valence model') three different charge states of the same defect occur. In the two lower cases of figure 1, the final defect levels differ from the original ones and that leads to the photochromic effect. This means that in these cases homogeneous illumination can already cause light-induced absorption changes, whereas the scheme in figure 1(a) is sensitive only to inhomogeneous illumination. While the 'one-centre model' can be valid at room temperature, it is not expected to be fulfilled at low temperatures, where shallow intermediate levels, such as those in figure 1(b) , tend to capture the photoionized carriers for extended periods of time. Thus photochromicity, the basis for the application of our method, is present in all cases and should be particularly relevant at lower temperatures. The light-induced absorption changes are measured with a specially developed set-up (figure 2) [1] . Its pump light source consists of a xenon arc lamp and a set of 17 interference filters to narrow the bandwidth of the beam. Light is typically applied for 1 min. At room temperature this drives the absorption changes into saturation. After this step, the absorption state of the photochromic crystal is monitored by weak, wideband probe light for a duration of usually 20 ms. This probe light, taking the same path as the pump light, is transmitted through the sample, then dispersed by a double prism, and all wavelengths are simultaneously detected by a 1024 diode array detector. The crystal specimen itself is held in an EPR cavity between two half-cylindrical quartz glass rods. Flexible light guides connect the rods to the light sources and the spectrometer. This set-up allows simultaneous optical and EPR measurements in a rather versatile way. Figures 3(a) and (b) demonstrate the spectra of absorption changes, observed with an 'as-grown' BaTiO 3 crystal, containing Rh as unintended defects. After each of the successive illuminations with one of the 17 pump energies (indicated by horizontal bars along the ordinate in figure 3(a) ), starting at low energies, the absorption changes are monitored. The raw data, as plotted in figure 3(b) , look rather complex; more insight into the systematic structure of these results can be obtained if they are plotted in a pseudo-3D way, as in figure 3(a) . While the abscissa is given by the probe light energy, E probe , as in figure 3( to the pump energy, E pump . The magnitude of the absorption changes is represented by the colour code, as calibrated by the upper horizontal bar. The continuity of the plot is obtained from numerical linear interpolation of the discrete changes in absorption spectra taken at the 17 pump energies, figure 3(b). An important guideline is the diagonal in figure 3(a) , where E probe = E pump . Along this line the primary charge transfer processes occur, which trigger the photochromic effect. Pumping into these transitions causes the initial charge of the defect to be reduced and this in turn tends to exhaust the number of ions available for the respective transition. As a result, the strength of the responsible absorption band, monitored by E probe , is decreased. We thus observe that lightinduced transparencies occur along the diagonal line and this is a typical consequence of primary processes. Secondary processes are usually lying outside of the diagonal. It should be noted that all the absorption changes in figure 3 are dominated by charge transfer processes. Alternative processes, such as crystal field d-d transitions, are essentially parity-forbidden and are thus much weaker. These are therefore not considered in our arguments.
Method
As will become evident from the further discussion, the plots, such as those in figure 3 , contain a lot of information on the charge transfer behaviour of a specific crystal. Experience with such measurements shows that hardly any two identically doped samples, sometimes even if cut from the same boule, lead to identical absorption maps of the type of figure 3(a). The method thus constitutes a rather convenient technique to characterize individual specimens with respect to their impurity content and behaviour.
Results

Qualitative aspects
There are three main features in figure 3(a): the strong light-induced transparency near E probe = 1.9 eV and pronounced absorption increases near 1.6 and 3.0 eV. In our previous work we established a correlation between the decreasing absorption near 1.9 eV and the EPR spectrum of Rh 4+ [11] ; both signal types vary in the same way with changing energy, E pump , and for constant E probe = 1.9 eV, i.e. along the corresponding vertical line in figure 3(a) . The absorption band at 1.9 eV was thus attributed to a transfer of a valence band electron to Rh 4+ , creating Rh 3+ . In this process a hole remains in the valence band. It was furthermore shown [12] , that capture of this hole at another Rh 4+ defect, forming Rh 5+ , leads to the increase near 1.6 eV. It is then straightforward to attribute the strong absorption rise near 3.0 eV to Rh 3+ , since it is correlated to the increase of Rh 5+ and anticorrelated to the decrease of Rh 4+ . All these changes apparently fulfil the three-valence model, figure 1(c), according to reaction 2, Rh 4+ → Rh 3+ + Rh 5+ . It is worthwhile mentioning that only Rh 4+ is EPR-active [13] . By assigning the other bands to Rh 5+ and Rh 3+ , these EPR-silent charge states can now be detected by their 'optical fingerprints'.
Along the diagonal in figure 3(a), further features appear which cannot be attributed to any of the Rh charge states. The slight transparency along the diagonal near 2.6 eV is due to charge transfer transitions to Fe 4+ [14] , whereas the feature near 2.3 eV is caused by Fe 5+ [14, 15] . In this way the entire 'landscape' in figure 3(a) can be analysed in terms of the five components mentioned, namely Rh 3+ , Rh 4+ , Rh 5+ , Fe 4+ and Fe 5+ . Assuming that the corresponding optical bands have Gaussian shapes, the absorption change occurring after pumping with 1.9 eV is decomposed into its component bands as shown in figure 3(c). It is observed that the peak energies of the component bands can differ considerably from the energies of the extrema of the total absorption changes. All in all, it can be seen that the main reaction induced by pumping with 1.9 eV light obeys the three-valence model, as indicated In assessing the level structure at the right of figure 3(a) it is seen that levels defined by the same defect charge pair, e.g. Rh 3+/4+ , can occur with two different energy distances to the valence band edge. Here it is worth noting that optical levels have to be distinguished from thermal ones. The former are reached by primary transitions under Franck-Condon conditions, whereas the latter are connected to the valence band by secondary transitions.
Quantitative analysis
We base this analysis on the fact that band intensities are proportional to the densities of the related defects. For the case of the EPR-active Rh 4+ , we determine the factor of proportionality by comparing the EPR signal with that of a standard containing a known number of spins. A small crystal of CuSO 4 ·5H 2 O was used for this purpose, each molecule containing one unpaired spin, S = 1/2. Proceeding with the evaluation as described, e.g., by Weil et al [16] , it is found that the BaTiO 3 :Rh sample contains N(Rh
ions. Comparing this density with the light-induced absorption change α of the Rh 4+ band, the absorption cross-section S of Rh 4+ is determined according to the relation α(Rh
The result is shown in figure 4 . Assuming the validity of the threevalence model, 2 Rh 4+ → Rh 3+ + Rh 5+ , the decrease, N(Rh 4+ ), is accompanied by the increases, N(Rh
. In using this relation we neglect the weak changes of the Fe 4+ and Fe 5+ concentrations and we can then infer the absorption crosssections of Rh 3+ and Rh 5+ (figure 4). Knowing these quantities, the initial concentrations of the respective Rh ions in the crystal before illumination are determined by separating the total absorption of the crystal into its component bands. Table 1 shows the resulting concentrations signals. Previously, data on defect concentrations had to be deduced from a photorefractive determination of the effective charge densities, N e f f , see below (equation (4)). As will be shown there, such an analysis gives much more restricted information because it deals with a combined sum of all the densities of the individual Rh i+ charge states. The time dependence of the light-induced concentration changes is governed by the rate equations [10] shown in figure 5 ; the parameters that are used are explained in the figure. They include the recombination coefficients γ i , multiplied by the hole density p, and the thermal ionization parameters β i . The quantities Rh i+ denote the respective Rh concentrations, using a more simplified notation than before; I is the pump intensity, given by the number of photons per area and time; q i is the probability that an absorbed photon will lead to ionization. Figure 6 shows the measured dependences for two pump intensities of 1.96 eV (λ = 633 nm) pump light and also for cases when the pumplight is switched off. The rather noisy trend of the experimental data is caused by the fact that they had to be taken with probe light (comprising all the energies indicated in the abscissa of figure 3 ) having intensities as low as possible in order not to influence the investigated absorption changes. This leads to poor signal-to-noise ratios. The full curves are the best fits obtained by numerical integration of the rate equations (figure 5) leading to the parameters in table 1 .
The values of the absorption cross-sections S(Rh i+ ), active for the 1.96 eV pump light energy used (figure 4) and the initial Rh i+ concentrations (table 1) were entered into these equations as fixed quantities. The remaining parameters were then varied to obtain the fits indicated in figure 6 . An interesting feature emerges from these data: the light-induced concentration changes do not return to their initial zero values after switching the light off and observing the decay for about 1 min. Apparently this represents a metastable non-equilibrium situation, caused by a slow decay when I = 0. This dark decay is triggered by the thermal excitation of holes from Rh 5+ to the edge of the valence band and their subsequent recombination at Rh 3+ . At the edge of the band the mobility of the holes is strongly decreased by the fluctuating local potentials, up to the point that complete localization may occur. During photoexcitation (I = 0), on the other hand, the average mobility might be higher because then the holes are also excited to states within the band. This result is in agreement with anecdotal experimental evidence where a different photorefractive performance of BaTiO 3 :Rh was observed, depending on the history of the sample and especially its previous illumination.
It is, of course, more desirable that a crystal behaves in a unique way, i.e. that it always returns back to its equilibrium state. This is expected to occur at elevated temperatures, because then the hole mobility increases. We thus tested the dark decay of the crystal at 50
• C. As expected, the concentration changes then relax essentially to zero in the dark. However, since in this situation the recombination processes are faster, the stationary state amplitudes of the changes are smaller than at room temperature. This prevents a reliable evaluation of the data at 50
• C. The metastable state, reached under dark decay, is the origin of the photochromic effect on which our method of investigation is based. Here we face a conflict of goals: on the one hand, metastability is essential to observe photochromic changes, but at the same time it represents a nonunique situation, because the initial equilibrium Rh i+ concentrations differ from those reached after dark decay. This problem, fortunately, does not seriously affect the derived parameters. The maximal concentration changes in figure 6 amount to only about 1% of the total Rh i+ concentrations. Since only the latter, and therefore nearly light-independent concentrations, enter into the right sides of the rate equations in figure 5 , the derived parameters depend only a little on the fact that the concentration changes do not decay to zero. Indeed all the parameter variations, obtained from fitting to an assumed decay towards Rh i+ = 0 during the investigated time span or, alternatively, to the actual final Rh i+ values, lie within the uncertainty ranges listed in table 1.
When fitting the time dependences in figure 6 , it turns out that the ionization probability q 5 has to be assumed to be as high as possible; therefore its value is fixed at 1, meaning that all absorptions lead to ionization. Furthermore, only with q 4 two orders of magnitude smaller than q 5 can an appropriate fit be obtained. The values for γ 3 and γ 4 can be chosen within a wide range, as long as their ratio γ 4 /γ 3 remains fixed to about 20. No such choice exists for the values of β 4 and β 5 , i.e. they have to lie in the ranges given in table 1. A discussion of these parameters will be given in the next section.
The error ranges listed in table 1 result from a careful assessment of the uncertainties introduced by the following steps:
(1) determination of the Rh 4+ EPR intensity and its calibration in absolute concentration;
(2) comparison with the light-induced absorption changes; (3) assuming the validity of the three-valence model, i.e. neglecting the weak transfer of holes to Fe i+ ; (4) decomposition of total absorption into Gaussian bands (5) errors connected with fitting the data in figure 6 .
Discussion of the derived charge transfer parameters
The values of the absorption cross-sections in table 1 correspond roughly to the geometric values expected from the related ionic radii. They thus represent rather strong transitions, typical for charge transfers. This is consistent with the assignment of the corresponding absorption bands to light-induced electron excitations from the oxygen ligands to the central octahedrally coordinated Rh cation. The related oscillator strengths are 0.07±0.03 for Rh 5+ , 0.05±0.03 for Rh 4+ and 0.02±0.01 for Rh 3+ . These values are proportional to the integral over the absorption cross-sections S(Rh i+ ) (figure 4) and are calculated from these using Smakula's equation [17] . The energies of the absorption maxima, 1.9 eV for Rh 4+ and 1.7 eV for Rh 5+ , are partly determined by the electronic excitation energies of valence band electrons to the Rh energy levels, Rh 3+/4+ and Rh 4+/5+ , respectively. These levels lie about 1.0 and 0.7 eV above the valence band edge [11, 18, 19] and can be reached by thermal excitation of valence band electrons. They are thus called thermal levels. The energy differences, 0.9 eV for Rh 4+ and 1.0 eV for Rh 5+ , to the optical absorption maxima are expected to be mainly caused by the Stokes' shifts [17] , related to the lattice distortion near the defects, occurring under optically induced charge changes. However, in principle, the possibility of optical transitions essentially starting from the valence band states below the band edge cannot be excluded. For such transitions the energy difference between the optical and thermal transition energies is increased, since the latter always begin at the band edge. The linewidths depend both on the lattice distortions and the weighted density of states in the valence band.
It is expected that the thermal ionization from the shallow Rh 4+/5+ level has a higher probability than from the deep one, Rh 3+/4+ . The derived ratio of the related ionization parameters β 4 /β 5 ∼ 10 −2 is consistent with this. The ratio of the recombination coefficients, γ 3 /γ 4 , is related to that of the β i by the mass action laws corresponding to the rate equations in figure 5 . In thermal equilibrium and under I = 0 they lead to
, where the latter quantities are equilibrium Rh concentrations. For the right side of this relation we calculate from table 1 a value of about 0.5. From the experimentally deduced relation β 5 β 4 , we thus conclude that γ 4 γ 3 , as observed. It should be noted that the above ratio β 5 γ 3 /β 4 γ 4 , being a mass action constant, is independent of the specific specimen from which its value is derived.
The ionization probabilities q i are mainly determined by the overlap of the optically excited defect states with the valence band Bloch waves; the larger the overlap, the higher the probability for an excited hole to diffuse away. Because of the lower energy distance of the Rh 5+ level to the valence band, the wavefunction of Rh 5+ is expected to be more extended than that of Rh 4+ . This may explain why q 5 is much larger than q 4 . It should be noted that q 4 , even if small, must not be taken to be zero in order to obtain a fit to the time dependences in figure 6 .
Previous investigations [8, 9, 20] , aiming at the determination of the parameters in the rate equations of BaTiO 3 :Rh (figure 5), had to employ experimental methods that provide much less information than the method which we use here. As mentioned before, all the information on the defect densities had to be taken from photorefractive measurements yielding the quantity N e f f , which comprises all charge states of Rh (equation (4)). From the present EPR-based studies, on the other hand, we could obtain the individual Rh 4+ concentrations separately. It is thus not surprising that the previous limited knowledge about the system led to different values of the parameters than those listed in table 1. The most important difference to the present results is the relation γ 3 /γ 4 > 1 quoted in these studies [8, 9, 20] . According to the arguments given above, this is not consistent with the fact that β 5 β 4 , a condition also found by the other authors. The recombination parameters γ i obtained by us (table 1) , on the other hand, fulfil the required sequence γ 3 /γ 4 < 1. Furthermore, previously it was not possible to determine the absorption cross-sections S i and the ionization probabilities q i , occurring as the products S i q i in the rate equations (figure 5), separately. Therefore, the authors of [8, 9, 20 ] assumed all ionization probabilities q i to equal 1. Since, however, absorption is not necessarily connected with ionization, this is not justified. It appears that this is the main reason for the absorption cross-sections quoted previously [8, 9, 20 ] not matching those in table 1 and figure 4.
Comparison with photorefractive data
The central quantity in a photorefractive experiment is the space charge field E SC which gives rise to the corresponding refractive index changes via the electrooptic effect. The maximum value of E SC , in turn, is determined by N e f f , a measure of the maximal density of charges which can be redistributed under inhomogeneous illumination. For a sinusoidal light pattern leading to an index pattern wavevector k g , E SC is given by [10] 
if only diffusion is taken into account as a charge driving mechanism. This assumption is justified for BaTiO 3 [21] . The parameter m is the degree of sinusoidal modulation of the intensity. The wavevector k o (I ) is proportional to N e f f according to the relation [10] 
The saturation factor η(I ) is related to the ratio between photo-and dark-conductivity:
In the appendix we give the detailed expression for η(I ) as specified for the three-valence model by Huot et al [8] . It is seen there that η(I ) does not depend on k g . Therefore, as deduced . . • with the tetragonal axis of the crystal. This leads to an effective value of ε r being approximately 1020 for this direction (ε = 168, ε ⊥ = 4300) [22] . From that, we can derive the value of N e f f being (0.9 ± 0.2) × 10 17 cm −3 . This 'experimental' value of N e f f will now be compared to the one deduced from the data in table 1, as based on a compact expression for N e f f , derived, e.g., by Huot et al [8] for the three-valence model:
The quantities N D and N A are the donor and acceptor densities, implied to have lightindependent valences. They compensate the equilibrium charge densities of Rh 3+ Figure 8 shows the calculated intensity dependence of N e f f (I ), including its range of uncertainty as based on the limits of error given in table 1. It is seen that the experimental value lies in the range predicted by equation (4).
Conclusion
The method outlined allows us to distinguish in a qualitative way between which defects photoinduced carriers in a photochromic-and, as a special case, photorefractive-material are transported under optical excitation. In addition our procedure yields quantitative information on the densities of the defects involved, including those of the background acceptors and donors. These background defects are compensating for the main defects which change their valences under illumination. On this basis the complete set of parameters describing the lightinduced charge transfer processes is quantitatively determined. They allow us to predict the photorefractive behaviour of a material. All data are, directly or indirectly, based solely on information obtained by EPR studies of the defects in the respective material. This includes also EPR-silent lattice perturbations. As an example, we analysed in detail the infraredsensitive photorefractive material BaTiO 3 doped with Rh. The identified parameters differ somewhat from those reported in previous publications. This discrepancy can be attributed to the simplifying model assumptions used before and which had to be made in order to cope with the limitations of the experiments used in these studies.
